The in-plane dynamic crushing of two dimensional honeycombs with both regular hexagonal and irregular arrangements was investigated using detailed finite element models. The energy absorption of honeycombs made of a linear elastic-perfectly plastic material with constant and functionally graded density were estimated up to large crushing strains. Our numerical simulations showed three distinct crushing modes for honeycombs with a constant relative density: quasi-static, transition and dynamic. Moreover, irregular cellular structures showed to have energy absorption similar to their counterpart regular honeycombs of same relative density and mass. To study the dynamic crushing of functionally graded cellular structures, a density gradient in the direction of crushing was introduced in the computational models by a gradual change of the cell wall thickness. Decreasing the relative density in the direction of crushing was shown to enhance the energy absorption of honeycombs at early stages of crushing. The study provides new insight into the behavior of engineered and biological cellular materials, and could be used to develop novel energy absorbent structures.
Introduction
Emergence of robust methods for fabrication of cellular structures, such as wire assembly and perforated sheet folding technique, have augmented their usage as lightweight multifunctional materials. From the structural point of view, cellular structures have properties that are much superior compared to the properties of the material that they are made of, including high strength to weight ratio and energy absorption (Gibson and Ashby, 1997; Xiong et al., 2010) . The application of cellular structure ranges from architectural masterpieces of Antonio Gaudi (Nonell and Levick, 2001 ) to thermal insulators and three dimensional scaffolds for tissue engineering (Hollister, 2005; Hutmacher, 2000) .
One of the key applications of the cellular materials is in structural protection due to their superior energy absorption and impact resistance. The basic applications pertaining to these characteristics are packaging of fragile components (e.g. electronic devices) and various protective products like helmets and shielding. Another emerging application is usage of cellular structures as the core material for metal sandwich panels, which are shown to have superior performance over the counterpart solid plates of equal mass under shock loading (Dharmasena et al., 2009; Liang et al., 2007; Mori et al., 2007 Mori et al., , 2009 Rathbun et al., 2006; Wadley et al., 2007 Wadley et al., , 2008 Wei et al., 2008; Xiong et al., 2011; Xue and Hutchinson, 2003; Xue and Hutchinson, 2004) . Core topology and relative density have considerable influence on performance of the sandwich panels, as the core crushes at an early stage of deformation and absorbs a large fraction of the kinetic energy imparted to the panel due to shock loading (Fleck and Deshpande, 2004; Hutchinson and Xue, 2005) .
In the quasi-static regime, the crushing response of most metal cellular structures shows a typical stress-strain curve that includes three regimes: an elastic response followed by a plateau regime with almost constant stress and eventually a densification regime of sharply rising stress (Jang and Kyriakides, 2009a,b; Mohr et al., 2006; Papka and Kyriakides, 1998; Triantafyllidis and Schraad, 1998) . Under dynamic crushing, however, the response of the metallic cellular structure is governed by complex localized phenomena that include buckling and micro-inertial resistance. The fundamental study of Vaughn et al. (2005) and Vaughn and Hutchinson (2006) has provided much insight into these effects, including the interaction between plastic waves and localized buckling under dynamic loading. Xue and Hutchinson (2006) showed that the micro-inertial resistance of core webs of a square honeycomb metal core increases its resisting force remarkably at early stages of dynamic crushing. At later stages of deformation, the dynamics effects results in suppression of the buckling of the metal webs, leading to emergence of buckling shapes with a wavelength much smaller than the core height. These effects lead 0020-7683/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.ijsolstr.2010.10.018 to a remarkable increase in the plastic energy dissipation of honeycombs under dynamic crushing at high strain rates (Rathbun et al., 2006; Xue and Hutchinson, 2006) . In a complementary study, studied the role of strain rate on the crushing response of folded plate and truss cores. Their study showed that the initial elevation in the resisting stress of the metal cores due to the micro-inertial resistance mainly depends on the core relative density and the strain rate and is relatively insensitive to the core topology.
To further explore the effect of strain rate on the crushing behavior and energy absorption of cellular structures, in Section 2 of this article, we have studied the response of two dimensional regular hexagonal honeycomb under impact and in-plane dynamic crushing. Most of the previous work performed on the mechanical behavior of cellular materials, including the results in Section 2, considers an intact structural organization for the cellular material. However, most engineered cellular materials do not have a perfect structural organization. In Sections 3.1, we have investigated the role of defects, and more specifically a missing cell cluster on the overall dynamic behavior of hexagonal honeycombs. The response of two dimensional Voronoi cellular structures with different level of irregularities is discussed in Section 3.2. Our study in Sections 2 and 3 complements previous studies on the dynamic behavior of cellular structures with uniform cell size and wall thickness (Honig and Stronge, 2002a,b; Li et al., 2007; Liu and Zhang, 2009; Ruan et al., 2003; Zhao and Gary, 1998; Zheng et al., 2005; Zou et al., 2009) , while providing new insight into the role of deformation rate, defects and irregularity on the behavior of cellular structures under dynamic loading. In Section 4, we explore the behavior of functionally graded cellular structures and carry out a systematic study to investigate the role of relative density gradient on the overall crushing response of cellular materials. Conclusions are drawn in Section 5.
Impact and dynamic crushing of regular hexagonal honeycombs
In this part of the study, we developed finite element models of honeycomb structures with regular hexagonal cell shape to study their structural response under impact and in-plane crushing. First, we developed an algorithm to generate the geometry of the cellular materials in Matlab Ò (Mathworks Inc., Natick, MA). The developed geometrical models were imported into ABAQUS (SIMULIA, Providence, RI). Dynamic explicit solver with general frictionless contact available in ABAQUS was used to simulate the dynamic response of the honeycombs under impact and crushing as discussed below. To use the general contact option available in ABAQUS, each developed geometrical model was extruded normal to its cross section to create three dimensional models of honeycombs. The model was meshed with 4-node shell elements and plain strain condition was imposed to the model by constraining the out of plane degrees of freedom along the edges of the cell walls. A mesh sensitivity analysis was carried out to ensure that the results are not sensitive to the mesh size. In all the calculations, we assumed the cell wall material to be linear elastic -perfectly plastic with Young's mod- the relative density of the honeycomb, defined as the area fraction of the cell walls with respect to the structure's dimensions (Gibson and Ashby, 1997) . In all the calculations presented in this study, the relative density of the honeycombs was varied by changing the thickness of cell walls. We investigated several cases, where the relative density was changed by varying the cell wall size, while keeping the thickness constant. Our results showed that varying the cell wall size does not have significant effect on the crushing response of regular hexagonal honeycombs, as long as the relative density of cellular structure is kept constant.
To simulate the impact response of the hexagonal honeycomb, a rigid flat plate with mass, M was modeled to impact the honeycomb with an initial velocity, V 0 , as shown schematically in Fig. 1A . The honeycomb was taken to be clamped at its bottom surface. Periodic boundary condition was applied in each side of the structure to avoid the influence of the model boundaries on the simulation results (Harders et al., 2005) . After the impact, the rigid plate comes to rest as it crushes the honeycomb structure and finally detaches from it with a velocity that is much lower (generally less than 2% of the impact velocity) than its initial impact velocity. The initial kinetic energy of the rigid plate is MV 2 0 =2, which is mainly absorbed by the plastic deformation of the cell walls as the honeycomb is crushed by the rigid plate. A, when it gets crushed to 100% strain. Under rigid plate impact, the maximum crushing of honeycomb, e max , and the corresponding crushing time (i.e. at which the rigid plate has zero velocity), t s , depends on the relative density of the structure and the impact velocity, as quantified in Fig. 1C and D for a wide range of normalized initial kinetic energies of the rigid plate and honeycomb relative densities. In this set of calculations, the initial kinetic energy of the rigid plate was varied by changing the plate initial velocity, while its mass were kept constant. Based on the assumption that the total initial kinetic energy of the rigid plate is dissipated by the plastic deformation of the honeycomb, the maximum crushing of the honeycomb can be estimated from, MV 2 0 =2 ¼ r Yc ALe max . This yields e max ¼ KE, which is plotted in Fig. 1C as a solid line, along with the results from detailed finite element calculations. Similarly, an estimate for the t s can be obtained using the principal of impulse and momentum, r Yc At s = MV 0 , where r Yc A is the resisting force of a structure made of a perfectly plastic material with yield strength of r Yc . Dividing both sides of this equation by t 0 , gives: Fig. 1D . For low values of normalized kinetic energy, where the crushing strain is not high, the numerical results are in good agreement with the theoretical estimate. However, for high values of initial kinetic energy, the numerical simulations predict e max < KE due to the dynamic effects and nonlinearity caused by cell walls contact. For a perfectly plastic material, the role of the micro-inertial resistance of core walls is minimal and thus, the effective yield strength of honeycomb is approximately equal to the honeycomb yield strength . However, at high strain rate, the contact between the cell walls increases the effective yield strength of the honeycomb, leading to an elevation of the effective yield strength of the honeycomb.
To explore the energy absorption of honeycombs under dynamic crushing, we have also simulated the honeycomb response under in-plane dynamic crushing at a constant prescribed velocity, V, as shown schematically in Fig. 2A . Similar to the previous simulations, the honeycomb was clamped along its bottom edge and periodic boundary conditions were imposed at its sides. An important dimensionless parameter which governs the inertial effects is 2B shows the normalized plastic energy dissipation, U P ¼ U P =r YC AL of honeycomb, where U P is the plastic energy dissipation calculated directly from the numerical simulations for two different crushing velocities, V ¼ 0:32 and V ¼ 6:35. At low crushing rates, all honeycombs have comparable normalized plastic energy absorption and the normalized dissipated plastic energy increases slightly by increasing the structure relative density. In contrast at high crushing velocities, the normalized plastic energy dissipation of a honeycomb strongly depends on its relative density and is higher for a honeycomb with lower relative density, which is due to dynamic effects and the nonlinearity caused by cell walls contact as discussed for honeycombs subjected to rigid plate impact. In Fig. 2C , we have quantified the normalized plastic energy dissipation of regular honeycombs with 0.01 6 q c 6 0.10, under dynamic crushing. The results are presented in the log-log scale and at e = 0.5 or 50% crushing. At low crushing rates, V < 1, the normalized plastic energy dissipation of the honeycomb is increased by increasing its relative density. For V > 1, a honeycomb with a smaller relative density has remarkably higher normalized plastic energy dissipation at the same level of crushing strain. Moreover, we have studied the deformation modes of the honeycomb under dynamic crushing. Three distinct deformation shapes, which depend on the crushing rate and honeycomb relative density, are identified for the regular honeycombs as shown in Fig. 3A: quasi-static or X-shape, transition or V-shape, and dynamic shape. In Fig. 3B , we provided a deformation map for regular honeycomb structures subjected to dynamic crushing. The critical normalized crushing rate associated with the transition between different modes, V c increases approximately linearly with increasing the relative density, as shown in Fig. 3B by the dotted lines.
Dynamic crushing of irregular cellular structures
In contrast to an idealized structure studied in Section 2, most cellular materials have inherent imperfections and in-homogeneities in their structural organization. Typical types of imperfections are missing walls and variations in the arrangement of cell walls, cell size and wall thickness. These structural variations are ubiquitous in natural cellular materials (e.g. cork, sponge and toucan beak) and cellular structures manufactured using random physical processes (e.g. foams). They also could appear in engineered cellular structures that are designed to have uniform cellular arrangement due to fabrication errors. Several studies have been carried out to investigate the effect of different defects and structural variations on the quasi-static behavior of cellular structures (Ajdari et al., 2008; Chen et al., 1999; Fazekas et al., 2002; Fortes and Ashby, 1999; Guo and Gibson, 1999; Silva et al., 1995; Silva and Gibson, 1997; Wang and Mcdowell, 2003; Zhu et al., 2001a,b) . Liu and Zhang (2009) studied the dynamic crushing behavior of honeycombs with different cell topologies and arrangements. Their results suggest that the energy absorption of a honeycomb depends not only on the structure relative density, but also on the cellular arrangement and irregularity. In the same context, Zheng et al. (2005) showed that cell arrangement irregularity elevates the energy absorption of two-dimensional cellular structures. Somewhat contradictory results were reported by Tan et al. (2005) , who suggested that the irregularity in the cell arrangement does not have considerable effect on the plastic energy absorption of a cellular structure.
In this section, we have studied the role of irregularities in the structural organization of cellular structure subjected to in-plane dynamic crushing. Specifically, we considered two types of irregularities: In Section 3.1, we investigated the role of a missing cell cluster on the energy absorption of a regular hexagonal honeycomb. In Section 3.2, we discussed the dynamic crushing of irregular cellular structures.
Regular hexagonal honeycombs with a missing cell cluster
Schematics of honeycombs with a missing cell cluster of two different sizes, corresponding to 5% and 10% missing walls (defect), are shown in Fig. 4A . In this figure, the missing cell cluster is located at the center (mid height) of the cellular structure. The defect size is quantified as the number of missing walls to the total number of cell walls. For example, a missing cell cluster denoted by '5% defect', indicates that the 5% of adjacent cell walls were removed from the model to form the missing cell cluster -Thus, the average relative density of the cellular structure was decreased by 5%. Similar boundary conditions as those used in Section 2 were used for this investigation.
To study the effect of missing cell cluster on the overall energy absorption of honeycombs, we considered honeycombs with two different relative densities, q c = 0.02 and q c = 0.06 subjected to a wide range of crushing velocities. In Fig. 4B , we plotted the normalized plastic energy dissipation of honeycombs with no defect and with two different missing cell cluster sizes at the crushing strain e = 20% for a wide range of crushing velocities. The overall plastic energy absorption of a honeycomb does not change significantly with the presence of a missing cell cluster as large as 5%. However, the honeycomb with 10% defect has considerably lower plastic energy dissipation compared to the regular honeycomb with no defect at both low and high crushing velocities. The normalized plastic energy dissipation of the honeycombs with q c = 0.02 and q c = 0.06 at the 50% crushing is quantified in Fig. 4C . Again, the honeycomb with 10% defect shows a considerably lower energy absorption compared to the honeycomb with no defect. In Fig. 5 , we have plotted the normalized plastic energy of honeycombs with q c = 0.02 and q c = 0.06 and a missing cell cluster of different sizes divided by the normalized plastic energy of the counterpart honeycomb with no defect, as a function of normalized crushing velocity. The results are presented for honeycombs with 5% and 10% defects at 20% and 50% crushing strains in Fig. 5A and B, respectively. These plots quantify the role of the missing cell cluster on the energy absorption of cellular structure. The amount of reduction in the plastic energy absorption of the honeycomb due to the presence of the defect is not considerably sensitive to the crushing velocity. Our results suggest that the energy absorption capacity of honeycombs with a lower relative densities, are more sensitive to the presence of a defect. For example, for a honeycomb with q c = 0.02 and 10% missing cell cluster, the normalized plastic dissipation decreases about 95% compare to that of cell regular honeycomb with no defect. In contrast, for a honeycomb with q c = 0.06, and 10% missing cell cluster, the reduction is about 60%, as shown in Fig. 5 .
In Fig. 6 , we have studied the role of cluster location on the plastic energy absorption of a honeycomb under dynamic crushing. In this set of calculations, three models of honeycombs with 5% defect were analyzed with a missing cell cluster located at three different locations along the height of the cellular structure: (1) the missing cell cluster considered close to the rigid plate; (2) the missing cell cluster is at the mid height (as shown in Fig. 6A ); and (3) the missing cell cluster close to the clamped side. Fig. 6B shows the results of the simulations presented in the form of normalized plastic energy dissipation versus the crushing strain for honeycomb with q c = 0.06 and subjected to V ¼ 6:35. At this crushing rate, the deformation of honeycomb under crushing is limited to the crushing side (dynamic mode, Fig. 3 ). Thus, a missing cell cluster closer to the rigid plate affects the energy absorption of the honeycomb at early stages of crushing. For example, a honeycomb with a missing cell cluster in location 1 (Fig. 6A) shows smaller plastic energy dissipation compared to a honeycomb with no defect at crushing strain of e < 0.1 (i.e. at early stage of deformation). However, the plastic energy dissipation only gets altered at e > 0.4 for a honeycomb with 5% defect located close to its clamped side (location 3). We also checked that changing the location of the missing cell cluster in the direction normal to the crushing direction does not have a considerable effect on the plastic energy absorption of honeycombs. The results are not presented for brevity.
Irregular cellular structures
In this section, we studied the role of irregularity in the form of variations in the arrangement of cell walls on the dynamic behavior and energy absorption of cellular structures under crushing. To construct the models of irregular cellular structures, we started from a set of points located at the centroids of a regular hexagonal honeycomb, where each point is located at distance ffiffiffi 3 p l from its adjacent points -see Fig. 7A . To introduce irregularity in the cell arrangement, each point was moved randomly in both in-plane coordinates by a i = ; i1 Â D/l and b i = ; i2 Â D/l, where subscript i denotes the point number, D is the maximum dislocation of the initial points and is defined here as 'irregularity index' and 0 6 ; i1 , ; i2 6 1 are random numbers generated for each point separately. Then, the Voronoi diagram which is generated by constructing the perpendicular bisectors of each pair of adjacent points (Silva et al., 1995; Zhu et al., 2001a,b) , was used to generate the models of the irregular cellular structures. Application of the Voronoi diagram to the original reference points (i.e. D/l = 0) gives the arrangement of a regular hexagonal honeycomb. Examples of structures with D/l = 1 and D/l = 2 are shown in Fig. 7B . It should be noted the arrangement of a cellular structure with a given cell size and irregularity index changes each time the model is constructed, since ; i1 and ; i2 are generated in each trial separately. Fig. 7C shows the normalized plastic energy dissipation versus the crushing strain for three irregular cellular structures with D/L = 1, 2 and 3 and relative density q c = 0.06. The plot shown for each irregularity index is the average results obtained for six different irregular structure models. The standard deviations from the results at several different crushing strains are also shown. The result for a regular honeycomb is also presented for comparison. These results show that the irregularity does not have a considerable effect on the normalized energy dissipation of the two-dimensional cellular structure studied here.
Dynamic crushing of functionally graded cellular structures
Functionally graded cellular structures are novel class of materials, where variations in cell size, shape and wall thickness results in a functional variation in the relative density and organization of the cellular structure. Examples of functionally graded cellular structures in nature are bamboo, banana peel and elk antler Silva et al., 2006) . Previous studies on impact resistance and energy absorption of functionally graded cellular structures have shown their potential for creating impact resistant structures and cushioning materials (Ali et al., 2008; Kiernan et al., 2009 ). Cui et al. (2009) suggested that a functionally graded foam can exhibit superior energy absorption compared to a uniform foam with equal mass. In another effort, Wadley et al. (2008) , constructed a multilayered pyramidal lattice from stainless steel and investigated the quasi-static and dynamic compressive response of these structures. The developed method allows In this study, we constructed finite element models of functionally graded cellular structures by changing the thickness of the cell walls -and thus, the relative density -in the direction of crushing. We divided a cellular structure to five equal-size regions with height DL = L/5, and assigned different cell wall thicknesses to each region to introduce a constant density gradient,c, in the cellular structure (Ajdari et al., 2009 ). The models were created for cellular structures with both regular hexagonal and irregular cellular arrangements -See Fig. 8A and Fig. 10A , respectively.
The density gradient, c, was defined as c = (q i+1 À q i )/DL, where q i indicates the relative density of ith region, as shown in Fig. 8A . c = 0 gives a honeycomb with constant relative density, and a positive density gradient gives a cellular structure with a relative density that gradually decreases in the crushing direction. The total relative density of the structures was kept constant (here, q c = 0.05), as the density gradient is introduced. For example, c = 0.33 gives a cellular structure with a relative density that functionally decreases from 9% to 1% in the direction of crushing. However, the average density of this honeycomb structure is q c = 0.05. Fig. 8B and C show the energy absorption of functionally graded regular hexagonal honeycombs with different density gradients subjected to low velocity and high velocity dynamic crushing. As discussed above, the comparison between cellular structures with different density gradients are made at a constant average relative density. At both low and high crushing velocities, the normalized energy absorption of honeycomb with a constant relative density, c = 0, changes approximately linearly with the crushing strain. At low crushing velocity ((i.e. quasi-static mode), introducing the density gradient decreases the energy absorption of the honeycombs up to crushing strains $67%, and the honeycomb with c = 0 has the maximum energy absorption for this crushing strain range. There are minimal differences between the response of functionally graded honeycombs with positive and negative density gradients, as quantified in Fig. 8B and expected in the quasi-static regime. In contrast at high velocity crushing, the density gradient has a remarkable influence on the energy absorption of the honeycomb (Fig. 8C) . Up to $50% crushing, a functionally graded cellular structure with positive density gradient, c > 0 -where the cellular structure relative density is high at the crushing side and changes gradually to its lowest value at the clamped side -has higher energy absorption compared to a honeycomb with c = 0. The negative density gradient, c < 0 results in reduction of the honeycomb energy absorption The influence of the density gradient on the energy absorption is very significant in early stages of crushing (i.e. crushing strain of up to 25%). At crushing strain $56%, all honeycombs show similar energy absorption capacity (U P ffi 1:5 for all honeycombs). At higher crushing strains, honeycombs with a negative density gradient show considerable increase in their energy absorption capacity.
To explain these observations, we studied the deformation modes and the distribution of equivalent plastic strain of functionally graded honeycombs with q c = 0.05 under crushing. Fig. 9A compared the deformation modes of a functionally graded honeycomb with c = 0.33 and a honeycomb with a constant relative density, c = 0 at 50% crushing. In the quasi-static regime ðV ¼ 0:32Þ, the deformation of the honeycomb with constant relative density is mainly concentrated along two bands, forming the X-Shape as explained in Section 2. In Contrast, for a functionally graded honeycomb, the deformation is limited to the part of the structure with low relative density (close to the bottom in Fig. 9A ), while the rest of the structure stays almost undeformed. At high velocity crushing ðV ¼ 6:35Þ, the deformation mode is quite differentsee Fig. 9A : for a regular honeycomb with c = 0, the deformation is highly localized to the crushing side -as described in details in Section 2 -thus, only the cells close to the crushing side undergo considerable deformation and contribute to the energy absorption of the honeycomb as it gets crushed. For cellular structures with c < 0, the deformation mode is similar to that of regular honeycomb with c = 0, and since the structure has a lower relative density at the crushing side, its overall energy absorption is even lower than its counterpart honeycomb with c = 0. For a functionally graded honeycomb with c > 0, significant deformation occurs at both crushing and clamped sides of the honeycomb and thus, a higher number of cells deform and contribute to the overall energy absorption of the cellular structure, as can be seen in the deformed configurations shown in Fig. 9A .
To further understand the deformation modes of honeycombs, we have plotted the distribution of the equivalent plastic strain along the height of honeycombs with different density gradients in Fig. 9B and C. To calculate the equivalent plastic strain through the height of the structure, we averaged the equivalent plastic strains for all elements in each row of the honeycomb from top to bottom. These plots shows the relative contribution of cells located at different heights of the structure on the overall energy absorption of the honeycomb. For the honeycomb with c = 0 and subjected to V ¼ 0:32, all cell walls contribute to the overall energy absorption of the structure, by forming the X-shape deformation mode shown in Fig. 9A . At this crushing rate, for a honeycomb with c > 0, the cell walls with the lower relative density (wall thickness) are located near the clamped side and are mostly deformed under crushing, while for a honeycomb with c > 0, cell walls with lower density are located near the crushing side and gets more deformed compared to other cell walls. Fig. 9C shows the results for honeycombs with different density gradients at high crushing rates, V ¼ 6:35 at 50% crushing strain. For a honeycomb with c P 0, the cell walls near the crushing side are mainly deformed, while the induced plastic strains in cells located in the bottom half of the structure (0.5 < y/L 6 1) is negligible. For a honeycomb with c > 0, cells at both side of the structure (crushing side and clamped side) gets strongly deformed under crushing, while the cells in the mid height of the structure contribute minimally to the overall energy dissipation of the cellular structure. It should be noted that the plastic energy dissipation of all honeycombs is comparable at this crushing strain, as can be seen in Fig. 8C and discussed above.
In Fig. 10 , we have repeated the calculations for functionally graded irregular cellular structures. The role of density gradient is more remarkable in this case compared to regular hexagonal honeycombs, Fig. 10B . The deformation modes of irregular cellular 
Conclusions
Finite element method was employed to study the in-plane crushing of regular, irregular and functionally graded honeycombs. Insights into the role of 'dynamics effects' on the overall energy absorption and impact resistant of cellular structures are provided, and different deformation modes for honeycombs subjected to dynamic crushing were identified. The role of irregularities, in the form of a missing cell cluster and variations in the cell arrangements was also studied for a wide range of crushing velocities. Our results complement previous studies on the dynamic behavior of cellular structures with uniform cell size and wall thickness, while providing new insights into the role of deformation rate, defects and irregularity on the behavior of cellular structures under dynamic loading.
We also studied the dynamic crushing of functionally graded cellular structure with regular and irregular cellular arrangements. Our results show that introducing a density gradient could significantly change the deformation mode and energy absorption of cellular structures under both low and high crushing velocities. A limited number of functionally graded cellular structures were analyzed and no effort was made to obtain the cellular structure with maximum energy absorption at a constant average density. However, enough insight is provided to understand the mechanism of energy absorption in functionally graded cellular structures under dynamic loading. Our results could help better understand the behavior and function of some of the engineered and biological cellular materials. Our study also complements recent studies on performance of sandwich panels with graded cores (Dharmasena et al., 2009; Wang et al., 2009 ) and could help develop a new class of energy absorbent cellular materials and impact resistant structures.
